We derive a modification of the semiclassical Fermi Golden Rule collision operator based on quantum thermodynamic principles. The resulting operator is nonlocal in space and acknowledges the presence of steep potential gradients and potential barriers. The resulting quantum mechanical transport equation-the Wigner quantum Boltzmann equation-increases the corresponding quantum mechanical entropy and is therefore well posed.
Introduction
The simulation of nanoscale devices requires, at least rudimentarily, the inclusion of quantum effects. Quite a lot of attention has been paid to the quantum mechanical modeling of free (collisionless) transport. Efforts here include the direct solution of the Schrödinger equation [3, 12] , macroscopic moment equations (quantum hydrodynamic models) [10, 11] and extensions of semiclassical Monte Carlo methods, either directly [9, 14] or via effective potential approaches [1, 7, 13] . Comparably little work has been done on the inclusion of quantum effects into collision operators. Collisions can be treated quite rigorously using Green's functions or by Wigner function methods for the phonon system [8] . Using classical collision operators in collusion with quantum corrected transport models has the disadvantage that equilibrium solutions of the resulting system do not correspond to admissible quantum mechanical states, since the semiclassical phonon collision operator increases the classical entropy and not the correct quantum mechanical entropy, given by S = −T r(ρ × ln ρ), where ρ denotes the density matrix of the mixed state. In this work we modify the semiclassical phonon collision operator, based on Fermi's Golden Rule, such that the resulting modification dissipates a quadratic approximation of the quantum mechanical entropy relative to the Hamiltoinian,
(We use the relative entropy since the system under consideration results from the incomplete observation of the coupled electron-phonon system, where the phonons are assumed to be in equilibrium [2] ). The final result is a quantum Boltzmann equation for the Wigner function f w of the form
where [ * , * ] q denotes the usual quantum commutator in the Wigner picture. C q denotes the modified Fermi Golden Rule collision operator, which has the following properties:
r As in Fermi's Golden Rule, the change in energy, due to a collision event equalshω, where ω denotes the dominant phonon frequency.
r C q increases the quadratic approximation of the relative quantum entropy S rel around thermal equilibrium.
r C q is nonlocal in the spatial variable as well as in the wave vector. The spatial nonlocality becomes more pronounced for large electric fields.
The organization of this paper is the following. In Section 2 we define the quadratic approximation to the relative entropy functional S rel around thermal equilibrium and give a formula for its evaluation in terms of the eigenfunctions and eigenvalues of the Hamiltonian H . The entropic collision operator C q in (1) is derived in Section 3 and the resulting quantum Boltzmann equation is discussed in Section 4. Numerical results are presented in Section 5.
The entropy close to thermal equilibrium
Since the phonon collision operator models the interaction of electrons with a background of phonons, which is assumed to be in equilibrium, it should increase the entropy relative to the Hamiltonian. The relative entropy is given by
, where H denotes the usual electron Hamiltonian ε(k) + V (r). The present paper is concerned with a perturbation theory close to thermal equilibrium. That is, we replace S rel by its quadratic approximation around the global maximum of S rel , given by ρ equ = exp(−β H ), with β the inverse ambient temperature. The quadratic approximation to the relative entropy near thermal equilibrium is then given by the quadratic form S 2 (ρ) = 
